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Abstract

Profiling of temporal changes of gene expression in the same kidney over the course of renal disease progression is
challenging because repeat renal biopsies are rarely indicated in clinical practice. Here, we profiled the temporal change in
renal transcriptome of HIV-1 transgenic mice (Tg26), an animal model for human HIV-associated nephropathy (HIVAN), and
their littermates at three different time points (4, 8, and 12 weeks of age) representing early, middle, and late stages of renal
disease by serial kidney biopsy. We analyzed both static levels of gene expression at three stages of disease and dynamic
changes in gene expression between different stages. Analysis of static and dynamic changes in gene expression revealed
that up-regulated genes at the early and middle stages are mostly involved in immune response and inflammation, whereas
down-regulated genes mostly related to fatty acid and retinoid metabolisms. We validated the expression of a selected
panel of genes that are up-regulated at the early stage (CCL2, CCL5, CXCL11, Ubd, Anxa1, and Spon1) by real-time PCR.
Among these up-regulated genes, Spon1, which is a previously identified candidate gene for hypertension, was found to be
up-regulated in kidney of human with diabetic nephropathy. Immunostaining of human biopsy samples demonstrated that
protein expression of Spon1 was also markedly increased in kidneys of patients with both early and late HIVAN and diabetic
nephropathy. Our studies suggest that analysis of both static and dynamic changes of gene expression profiles in disease
progression avails another layer of information that could be utilized to gain a more comprehensive understanding of
disease progression and identify potential biomarkers and drug targets.
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Introduction

Most patients with chronic kidney disease (CKD) progress to

end stage renal failure (ESRD) despite medical intervention [1]

[2]. One of the reasons is that biomarkers for early detection of the

kidney disease are lacking. Therefore, we are unable to intervene

early before irreversible damage. In order to identify early

biomarkers and drug targets for progression of CKD, it is critical

to understand the cellular and molecular mechanisms underlying

the development and progression of disease.

Transcriptome-based approach has been widely applied for

studying diabetic nephropathy (DN) [3] [4], focal segmental

glomerulosclerosis [5], chronic kidney disease progression [6], and

glomerular disease classification [7]. The transcriptiomic approach

is one of the most promising and advanced methods for identifying

biomarkers and studying disease pathogenesis. However, this

approach is not without its limitations. First, access to renal biopsy

samples are often limited due to the small volume of core needle

sample and the relatively scarce number of routine biopsies

performed in general nephrology practice. Second, most kidney

biopsies are performed on patients with established disease.

Hence, early changes in gene expression remain largely unknown.

Third, in most cases repeat sampling of the kidney is not done if

patients respond to therapy. Therefore, it is impossible to obtain a

temporal change of gene profiles in patients over the entire course

of the disease. Due to these factors, the clinical utility of current

human transcriptomic data is limited. Some of these limitations,

however, could be overcome by studying animal models of kidney

disease. Here, we examined the temporal profile of gene

expression over the course of disease progression by serial

sampling of the kidney.

Many animal models have been used to study the pathogenesis

and progression of kidney disease. However, most animal models

develop only mild kidney disease without progression to renal

failure, which is the case for almost all experimental models of

diabetic nephropathy [8]. HIV-1 transgenic mouse model (Tg26)

has been used extensively to study the pathogenesis of HIVAN

because these mice develop renal disease mimicking human

HIVAN [9]. Tg26 mice develop proteinuria as early as 4 weeks of

age and proteinuria peaks at 8 weeks of age. Tg26 mice develop

mild glomerulosclerosis (GS) at 4 weeks of age, moderate GS and

mild tubulointerstitial injury at 8 weeks of age, and advanced GS

and tubulointerstitial fibrosis, tubular atrophy and dilatation at 12

weeks of age [10]. Tg26 mice have rapid progression of kidney

disease to renal failure and usually die from uremia between the

ages of 2 to 6 months. Variability in disease progression is thought
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to be due to genetic penetrance [11]. Therefore, Tg26 mouse is a

robust model to study the progression of kidney disease.

In the current study, we performed serial kidney biopsies in

Tg26 mice and age and gender-matched control littermates at 4

weeks and 8 weeks of age and mice were sacrificed at 12 weeks of

age. Gene expression profiles in the kidney cortices of Tg26 and

their control littermates at these three time points were assessed by

next-generation sequencing of mRNA extracted from the kidney

cortex. Transcriptomic data were analyzed to identify temporal

pattern of gene expression during disease progression. To

determine cellular processes and genes that could be drivers of

disease progression, we focused on the genes that are differentially

regulated during the early stage of disease.

Results

Natural history of renal disease of HIV-1 transgenic, Tg26,
mice

As shown in Table 1, Tg26 mice developed mild proteinuria at

4 weeks of age, moderate proteinuria at age of 8 weeks, and severe

proteinuria at the age of 12 weeks, while control wild type (WT)

littermates had no marked urinary albumin excretion. Kidney

tissues from three Tg26 and three WT mice were obtained by

open biopsies at ages of 4 and 8 weeks and when mice were

sacrificed a 12 weeks of age. Tg26 mice developed mild GS

without significant tubulointerstitial injury at 4 weeks of age,

moderate GS with mild tubulointerstitial injury at 8 weeks of age,

and severe GS and interstitial fibrosis and inflammation with

tubular atrophy and dilatation at 12 weeks of age.

Table 1. Proteinuria and histology of Tg26 mice at three time points.

Albuminuria/Cr ratio % Glomerulosclerosis % Tubular atrophy/Interstitial Fibrosis

WT (n = 3) 0 0% 0%

Tg-4wks (n = 3) 0.6; 0.8; 1.2; 8%; 14%, 20% 0%; 0%; 0%

Tg-8wks (n = 3) 1.5; 1.8; 1.9 28%; 32%; 35% 5%; 8%; 10%

Tg-12wks (n = 3) 2.5; 2.8; 3.0 52%; 56%; 68% 20%; 25%; 28%

Summary of proteinuria and kidney histology: Proteinuria was measured by determination of urinary albumin to creatinine ratio. Periodic acid-Schiff (PAS)-stained
kidney sections from Tg26 mice and the littermates were graded by a renal pathologist blinded to genotypes as described in the method. Three numbers in each cell
represent the data from three individual animals.
doi:10.1371/journal.pone.0093019.t001

Figure 1. 3D snapshot of PCA analysis of samples distribution based on all the genes: The Tg26 samples were well separated from
WT samples. Moreover, 8 wk and 12 wk Tg26 samples were farther away from WT samples than 4 w Tg26 samples, indicating dramatic
transcriptomic changes in T26 mice after 8 weeks.
doi:10.1371/journal.pone.0093019.g001
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Analysis of static levels of gene expression profiles in
Tg26 kidneys at 4, 8, and 12 weeks

Messenger RNA was extracted from the renal cortices of three

WT and three Tg26 mice at 4, 8, and 12 weeks of age for mRNA-

sequencing. First, we analyzed the static levels of renal mRNA

expression in Tg26 mice at three time points (4, 8, and 12 weeks).

PCA was first performed to assess the sample correlations using the

expression data of all the genes (Figure 1). Disease-specific changes

in gene expression were determined by comparing against WT

mice’s gene expression to account for biopsy- and aging-related

effects on gene expression. Comparisons of the gene expression

profiles at three time points revealed several patterns of disease-

specific changes in gene expression over the course of the disease

(Figure 2). Gene ontology and pathway analyses were performed

on datasets with more than 50 differentially expressed genes. We

found that some genes were either consistently up-regulated or

consistently down-regulated at all three time points (Figure 3 and

4). Genes that were consistently up-regulated at all three time

points are involved in cytokine and Toll-like receptor pathways,

immune response, inflammation, and defense mechanism (Tables

S1 and S2 in File S1). Only 4 genes were consistently down-

regulated at all three time points. Thirty-five genes and 1,583

genes were up-regulated only at the 4 week (Figure 5) and 12 week

(Figure 6) time points, respectively. Much more genes were altered

at the later stage (12 week) than early stage (4 week), possible due

to secondary responses to the injury. Analyses of the dataset in

Figures 6 found these genes were involved mostly in oxidative

stress and RNA processing (Table S3 and S4 in File S1). In

addition, we also identified a group of genes (313 genes) that were

up-regulated transiently at 8 week (Figure 7). These genes are also

involved in inflammation and immune defense, as well as

regulation of cytoskeleton and cell adhesion (Table S5 and S6 in

File S1). Twenty genes were down-regulated only at 4 week

(Figure 8) and 484 genes were down-regulated only at 12 week

(Figure 9). Both fatty acid and retinoid metabolisms have been

shown to have renal protective effects [12] [13]. Interestingly, the

486 down-regulated genes at 12 week are involved mostly in fatty

acid, retinoid, and vitamin A metabolism (Table S7 and S8 in File

S1). There were a total of 54 genes which were down-regulated

transiently at 8 week (Figure 10). These genes are mostly involved

in cellular metabolism and immune response (Table S9 and S10 in

File S1).

Dynamic changes in renal gene expression of Tg26 mice
between 4 and 8 week and 8 and 12 week

Since we performed serial sampling of kidney tissue from each

mouse, we were able to analyze the dynamic changes in gene

expression over the course of the disease. We determined the

average of changes in expression between 4 and 8 week and

between 8 and 12 week for Tg26 and WT mice. This analysis

identifies temporal changes in gene expression during disease

progression in a dynamic manner. In addition, serial sampling of

renal tissue from the same mouse permits pair-wise comparison of

gene expression between different stages of the disease and avoids

large inter-animal variations in gene expression. Using this

analysis, we identified several patterns of changes of gene

expression profiles (Figure 11). Eight four genes which were

down-regulated from 4 to 8 week are involved mostly in lipid and

fatty acid metabolism (Table S1 in File S2, Tables S11 and S12 in

File S1). Two hundred and forty genes which were up-regulated

from 4 to 8 week (Tables S2 in File S2, Tables S13 and S14 in File

S1) and 66 genes which were up-regulated at both 4-to-8 week and

8-to-12 week intervals (Table S3 in File S2; Tables S15 and S16 in

File S1) are all related to immune response and cytokine

activation. Twenty five genes were up-regulated from 4 to 8 week

but down-regulated from 8 to 12 week; and 14 genes were down-

regulated from 4 to 8 week and up-regulated from 8 to 12 week

(Tables S4-5 in File S2). The expression for forty two genes was

not significantly different between 4 and 8 week, but was down-

regulated from 8 to12 week (Table S6 in File S2). Sixty three genes

were not different between 4 and 8 week, but was up-regulated

from 8 to 12 weeks; and these genes are involved mostly in TGF-

Figure 2. The Heat Map of gene expression profiles in the
kidney of Tg26 mice at three time points: 4, 8, and 12 weeks of
age when mice developed mild, moderate and severe kidney
injury. The data were normalized by comparing to control littermate
mice as described in the method.
doi:10.1371/journal.pone.0093019.g002
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beta signaling and fibrosis (Tables S7 in File S2, Tables S17, and

S18 in File S1).

Validation of gene expression by real-time PCR in mouse
kidneys

We selected the top 6 genes (Ccl2, Ccl5, Cxcl11, Ubd, Anxa1,

and Spon1) which were consistently higher in Tg26 than WT

kidney at all 3 time points for validation because we believe these

genes are likely to be involved in both disease initiation and

progression. We confirmed that these genes were indeed higher in

the disease Tg26 kidney than control WT kidney by real-time

PCR (Figure 12). Ccl2 and Ccl5 are known to be involved in the

regulation of inflammation [14] [15]. Ubd, which encodes a

protein called Fat10, has been shown to be a pro-apoptotic and

pro-inflammatory protein in HIVAN [16]. Interestingly, Anxa1

has been reported to display anti-inflammatory effects [17]. Spon1

is a novel candidate gene for hypertension [18]. However, its role

in kidney disease has never been studied. When we queried the

renal expression of Spon1 in human diabetic nephropathy

deposited in a web-based database called Nephromine [19], we

found that the mRNA level of Spon1 was significantly higher in

kidneys from individuals with diabetic nephropathy compared to

non-diabetic controls (Figure 13). By immunostaining, we

confirmed that the protein levels of Spon1 were also markedly

higher in kidneys of patients with both early and late DN, as well

as HIVAN (Figure 14). Taken together, these data suggest that

Spon1 may play a role in early disease development or/and late

disease progression. However, the exact function of Spon1 needs

to be further validated in the future studies.

Discussion

Mechanisms underlying CKD development and progression

remain largely unknown. Treatment options that effectively

prevent disease development or stop disease progression are

lacking. Transcriptomics is a powerful tool for identifying potential

new biomarkers and drug targets. However, the application of

transcriptomics in kidney disease is limited because most renal

transcriptome datasets were derived from kidney biopsies of

patients with advanced kidney disease at a single point in time.

Here, we evaluated the profile of gene expression changes over

time in an animal model of kidney disease by serial sampling of the

kidney. These data from animal models provided information that

is not available for human kidney diseases, as protocol serial renal

biopsies are not routinely performed. Our data suggest that

findings from animal studies could help us to understand human

kidney disease.

Time course experiments on gene expression are increasingly

popular for exploring biological processes because temporal gene

Figure 3. The Heat Map and the list of genes which were up-regulated at all three time points (4, 8, 12 weeks of age). There were a
total of 69 genes in the list.
doi:10.1371/journal.pone.0093019.g003

Figure 4. The Heat Map and the list of genes which were down-regulated at all three time points (4, 8, 12 weeks of age). There were
only 4 genes in the list.
doi:10.1371/journal.pone.0093019.g004
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expression profiles provide an important characterization of gene

function, as biological systems are both developmental and

dynamic [20]. Temporal gene expression profiling could provide

important information on disease progression. It is likely that the

dynamic changes of gene expression could provide additional

information that the static levels of gene expression could not give

us. Potentially, dynamic changes of gene expression could serve as

better biomarkers than static levels of gene expression. However, it

is not routine clinically practice to obtain multiple kidney biopsies

from the same individual during different phases of disease

progression and clinical therapy. One potential alternative is to

examine the dynamic changes of gene expression in peripheral

blood cells or urinary cells.

Most studies examining temporal changes of gene expression

are limited to in vitro cultured cells and yeasts [21] [22]. Data on

the temporal pattern of gene expression in the kidney is scant.

Here, we profiled the transcriptome of kidneys from Tg26 mice at

three time points. These three time points reflect early, middle and

late stages of kidney disease in Tg26 mice, allowing us to examine

the temporal changes in gene expression. Kidney biopsy samples

were also obtained from WT control mice and used to account for

effects related to renal biopsy and aging-related changes in gene

expression. We performed two types of analysis: static differences

in gene expression between Tg26 and WT mice at different time

points and dynamic changes of gene expression between different

time points that are attributable to the disease. Dynamic changes

in gene expression and differences in gene expression at a specific

time point provide related, but non-redundant, layers of inform,

which could be used to correlated with biochemical and

histological parameters of the disease. We believe that this kind

of comprehensive analysis could help us to better delineate disease

Figure 5. The Heat Map and the list of genes which were up-regulated at the early stage (4 weeks of age). There were a total of 35
genes in the list.
doi:10.1371/journal.pone.0093019.g005

Figure 6. The Heat Map and the list of genes which were up-regulated at the late stage (12 weeks of age). There were a total of 1583
genes in the list.
doi:10.1371/journal.pone.0093019.g006
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pathogenesis and identify potential new biomarkers and targets for

therapy.

Analysis of static levels of gene expression profiles at early,

middle, and late points identified several patterns of changes

including genes up-regulated or down-regulated at all three time

points, only at early stage, transiently at the middle stage, and only

at the late stage. Genes that were differentially expressed at the

early stage are likely to be involved in the development of the

disease. Differentially expressed genes during the late stage are

likely mediators or effectors of renal injury, including fibrosis.

Genes increased transiently at the middle stage may serve as

molecular intermediates during disease progression. However,

these causal assignments of gene function in disease development

and progression are purely speculative and will need further

validation in future experiments. It was immediately obvious upon

inspection of the data that more genes were perturbed at the late

compared to the early stage of disease; and more genes were up-

regulated than down-regulated in disease. We believe, on the first

pass, it is more important to focus on genes that are perturbed

early in disease. Therefore, we validated some of them by real-time

PCR. In particularly, we were interested in Spon1, which has

never been studied in kidney disease. Spon1 is a novel candidate

gene for hypertension [18] and its polymorphism is associated with

severity of dementia [23]. F-spondin, coded by Spon1 gene, is a

multi-domain extracellular matrix (ECM) protein and a contact-

repellent molecule that directs axon outgrowth and cell migration

during development [24]. F-spondin is also involved in regulation

of migration and differentiation of macrophages [25]. We found

that Spon1 expression is significantly higher in the kidneys of

subjects with diabetic nephropathy. We further validated that

Spon1 protein expression was also increased in kidney biopsies

from patients with DN as well as patients with both early and late

stages of HIVAN. Our studies suggest that genes identified in

animal models of kidney disease could provide relevant informa-

tion about human kidney disease. The role of Spon1 in kidney

disease requires further studies.

Figure 7. The Heat Map and the list of genes which were up-regulated transiently at the middle stage (8 weeks of age). There were a
total of 313 genes in the list.
doi:10.1371/journal.pone.0093019.g007

Figure 8. The Heat Map and the list of genes which were down-regulated at the early stage (4 weeks of age). There were a total of 20
genes in the list.
doi:10.1371/journal.pone.0093019.g008
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In addition, analysis of dynamic in gene expression from

individual mouse could help to identify genes that are associated

with the progression of disease in Tg26 mice. Consistent with

analysis on the static levels of gene expression, dynamic analysis

revealed that the up-regulated genes are involved in immune

response and down-regulated genes are involved in metabolism.

Genes up-regulated at the late stage are involved in renal fibrosis.

Future studies are required to determine the role of these genes in

disease progression.

Several important candidate pathways and genes were identi-

fied in our studies. The function of these genes and pathways need

to be further studied because they may play important role in

either or both disease development and progression. In addition,

genes that are differentially expression at the early stage of disease

could be used as biomarkers for predicting disease progression or

drug targets for early intervention. It is critical for us to understand

the function of different clusters of genes during disease

progression because this could help us to develop specific

Figure 9. The Heat Map and the list of genes which were down-regulated at the late stage (12 weeks of age). There were a total of 486
genes in the list.
doi:10.1371/journal.pone.0093019.g009

Figure 10. The Heat Map and the list of genes which were down-regulated transiently at the middle stage (8 weeks of age). There
were a total of 54 genes in the list.
doi:10.1371/journal.pone.0093019.g010
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treatment for different stages of disease by targeting a specific

subnetwork of genes or pathways.

In summary, we present here data on static levels and dynamic

changes of gene expression over the disease progression in Tg26

mice. Several candidate genes and pathways were identified

through our analysis. They need to be further characterized to see

if they can be used as biomarkers and drug targets for prevention

and treatment of kidney disease. The function and pathways

associated with these differentially expressed genes and their

relevance in human disease will need to be further validated in the

future studies.

Methods

Animal studies
Derivation of a transgenic mouse line (Tg26 mice) that bears a

defective HIV-1 provirus lacking gag-pol (Tg26) has been

described [9]. Genotyping by tail prep and PCR were performed

at 2 weeks of age as described [26]. Three Tg26 mice and three

control mice generated from the same litter were used in the

studies. Each mouse underwent serial renal biopsies at the age of 4

weeks, 8 weeks, and then was sacrificed at age of 12 weeks by

cervical dislocation after been anesthetized with ketamine. Un-

restricted food and water were provided throughout the duration

of the experiment. Urine samples were collected at each time point

(4, 8, and 12 wk). All animal studies were performed according to

the protocols approved by Institutional Animal Care and Use

Committee at the Mount Sinai School of Medicine.

Serial Renal Biopsies
Renal biopsies were performed at 4 and 8 weeks of age.

Ketamine (70 mg/kg) and xylazine (12 mg/kg) mixture was used

for anesthesia. Before the surgery, the back hair was shaved and

the skin was disinfected with a povidone-iodine solution. An

incision of approximately 10 mm was made in the lower back and

the kidney was pulled out using small forceps. A slice of the kidney

was removed using a sharp surgical scissor. Strict hemostasis was

performed before closing the abdominal cavity. A small piece from

the lower pole of the right kidney was removed at 4 weeks of age

and another small piece was removed from the upper pole of the

right kidney at 8 week of age. Because the similar amount of tissues

was removed from the lower or upper pole of kidney the

proportions of glomeruli and tubuli in these samples were similar

among individual animals. This was also confirmed by the kidney

histology. On the day of sacrifice at 12 week of age, the left side of

the kidney (un-biopsied sided) was collected after the perfusion

with PBS. All the tissue samples were submerged in RNAlater

Stabilization Reagent (Qiagen 76104) immediately after biopsies

and then stored at 280uC before use.

RNA Preparation for Sequencing
Total RNA was isolated from kidney tissues by using RNeasy

mini kit (Qiagen 74104) according to the manufacturer’s protocol.

RNA concentrations were quantified using a Nano-drop Spectro-

photometer at a wavelength of 260 nm. RNA samples were then

analyzed by Bioanalyzer at a concentration of 100–200 ng/ul to

verify the concentration and the purity of samples. Only the

samples with RNA integrity (RIN) values of .7.0 were used for

mRNA sequencing at the core facility of Mount Sinai School of

Medicine.

Bioinformatics Analysis of mRNA sequence data
The RNAseq data was analyzed by following the procedure

described below. Briefly, after sequence quality filtering at a cutoff

of a minimum quality score Q20 in at least 90% bases, the good

quality reads were aligned to several mouse reference databases

including mm9 genome, RefSeq exons, splicing junction sequenc-

es as well as contamination sequences of mouse ribosomes,

mitochondria and phix genome using BWA alignment algorithm

[27]. The alignments with more than 2 mismatched were

discarded. After filtering out the reads that aligned to contami-

nation sequences, the reads that are uniquely aligned to the exon

and splicing-junction sites for each transcript were combined to

calculate as expression level for a corresponding transcript and

further normalized based on reads per kilobase per million

reads(RPKM) [28] in order to compare transcription levels among

samples. Gene expression value was transformed to the log 2 base

scale. PCA was first performed to assess the sample correlations

using the expression data of all the genes. The differentially

expressed genes in biopsy in Tg26 mice compared to wild type

mice were identified by the R package DEGseq [29] and ANOVA

for multiple group comparisons and subjected to Gene Ontology

enrichment by fisher-exact test and pathway analysis using Enrichr

program [30]. The gene regulation model for disease progression

was built using the statistically significant expression genes at early

(4 weeks), middle (8 weeks), and late (12 weeks) stages and gene

clusters with same change tendency in 3 different time points were

Figure 11. The Heat Map of the genes with dynamic changes
between 4–8 weeks and 8–12 weeks of age.
doi:10.1371/journal.pone.0093019.g011
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Figure 12. Validation of the selected genes from those up-regulated at all three time points by real-time PCR in kidney cortices of
these mice. *P,0.05, compared with WT-4wk; #P,0.05, compared with Tg-4wk; n = 3.
doi:10.1371/journal.pone.0093019.g012

Figure 13. mRNA levels of Spon1 between diabetic kidneys and control kidneys. The data were obtained from Nephromine.org based on
the datasets from the published studies [19].
doi:10.1371/journal.pone.0093019.g013
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identified and subjected to Gene Ontology enrichment and

pathway analysis. The read coverage of gene functional elements

was also visualized by IGV tool (Integrative Genome Viewer,

http://www.broadinstitute.org/igv/) from the genome alignment

file.

Also, we analyzed the dynamic changes of genes between

different time points in individual mice. In brief, the changes of

gene expression of individual mice between week 8 and week 4

and between week 12 and week 8 were obtained for each gene,

defined as D_week8_week4 and D_week12_week8. Then, un-

paired limma test [31] was used to compare the delta values

between Tg26 and WT mice with a p ,0.05 as significant

difference. The gene lists with different patterns of changes were

subjected to Gene Ontology enrichment and pathway analysis.

Urinary albuminuria excretion
Urine albumin was quantified by ELISA using a kit from Bethyl

Laboratory Inc. (Houston, TX, USA). Urine creatinine levels were

measured in the same samples using QuantiChromTM Creatinine

Assay Kit (DICT-500) (BioAssay Systems) according to the

manufacturer instruction. The urine albumin excretion rate was

expressed as the ratio of albumin to creatinine.

Histology
After fixation with 4% paraformaldehyde overnight, kidney

tissues were embedded in paraffin by American Histolabs

(Gaithersberg, MD) and 3 mm thick sections were used for

staining with H&E and periodic acid-Schiff (PAS) (Sigma).

Histologic changed were scored by a pathologist blind to mouse

genotype. The percentage of glomerulosclerosis was obtained by

identifying the total number of glomeruli with any sclerosis and

dividing this number by the total number of glomeruli seen. The

percentage of tubular atrophy/fibrosis score was obtained by the

number of tubules with either tubular atrophy or microcystic

dilatation divided by the total number of tubular cross sections in a

representative area or the percentage of area with fibrosis divided

by the total area examined in a cross section.

Real-time PCR
First strand cDNA was prepared from total RNA (1.5 ug) using

the SuperScriptTM III First-Strand Synthesis Kit (Invitrogen) and

cDNA (1 ml) was amplified in triplicate using SYBR GreenER

qPCR Supermix on an ABI PRISM 7900 HT (Applied Biosys-

tems, Foster City, CA, USA). Primers were designed using

PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)

and purchased through Sigma (Table 1). The sequences of the

primers are listed in the Table 2. Light cycler analysis software was

used to determine crossing points using the second derivative

method. Efficiency was calculated for all the designed primers

using relative standard curve method. Data was normalized to

housekeeping gene (GAPDH) and presented as fold increase

compared to RNA isolated from WT animals using the Pfaffl

method [32].

Immunohistochemistry
Archival Human biopsy specimens of healthy donor nephrec-

tomies, HIVAN, and DN for IHC were collected at Mount Sinai

School of Medicine under a protocol approved by its Institutional

Review Board. Specimens were initially baked for 20 minutes in

55–60uC oven and then processed as previously described below.

Briefly formalin-fixed and paraffin embedded sections were

deparaffinized, and endogenous peroxidase was inactivated with

H2O2. Sections were then blocked in 2% goat serum in phosphate

buffered saline (PBS) for 1 hour at room temperature and then

incubated with a rabbit anti-Spon1 antibody (Abcam) at 4uC
overnight. The next day, sections were washed three times with

PBS and then incubated with secondary antibody for 30 minutes.

Figure 14. Immunostaining of Spon1 in kidney biopsies from patients with nephrectomy (control), early and late HIVAN and DN.
The representative pictures from five individual patients are shown.
doi:10.1371/journal.pone.0093019.g014

Table 2. Real Time PCR Primers.

Gene Forward Reverse

Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

Ccl5 GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC

Ccl11 AGATGCACCCTGAAAGCC AGCCAAGTCCTTGGGCGAC

Ubd ACAGACATGGCTTCTGTCCG TTTCGATGGGGCTTGAGGA

Anxa 1TGTTGCTGCCTTGCACAAAGC AGTACGCGGCCTTGATCTG

Spon 1AGGGCTCCCTGACCAAGAAG TACTTGGCAGTTCCACAGGC

doi:10.1371/journal.pone.0093019.t002
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Positive staining was revealed by peroxidase-labeled streptavidin

and diaminobenzidine substrate.

Statistical analysis
Data were expressed as mean6standard deviation (X6SEM).

The unpaired t-test was used to analyze data between two groups.

The ANOVA followed by Bonferroni correction was used when

more than two groups were present. All experiments were

repeated at least three times, and representative experiments are

shown. Statistical significance will be considered when P,0.05.

Supporting Information

File S1 Pathway analysis of differentially regulated
genes. Table S1: The 69 genes, which were up-regulated at

all three time points, were analyzed by using Enrichr KEGG

program. Table S2: The 69 genes, which were up-regulated at all

three time points, were further analyzed by using Enrichr GO

Biological Process program. Table S3: The 1583 genes, which

were up-regulated at late stage (12 weeks), were analyzed further

by using Enrichr KEGG program. Table S4: The 1583 genes,

which were up-regulated at late stage (12 weeks), were analyzed

further by using Enrichr GO Biological Process. Table S5: The

313 genes, which were up-regulated transiently at the middle stage

(8 weeks), were analyzed further by using Enrichr KEGG

program. Table S6: The 313 genes, which were up-regulated

transiently at the middle stage (8 weeks), were analyzed further by

using Enrichr GO Biological Process program. Table S7: The

486 genes, which were down-regulated at the late stage (12 weeks),

were analyzed further by using Enrichr KEGG program. Table
S8: The 486 genes, which were down-regulated at the late stage

(12 weeks), were analyzed further by using Enrichr GO Biological

Process. Table S9: The 54 genes, which were down-regulated

transiently at 8 weeks of age, were analyzed further by using

Enrichr KEGG program. Table S10: The 54 genes, which were

down-regulated transiently at 8 weeks of age, were analyzed

further by using Enrichr GO Biological Process. Table S11: 84

genes which were down-regulated between 4–8 weeks but no

changes between 8–12 weeks further analyzed for Enrichr KEGG.

Table S12: 84 genes which were down-regulated between 4–8

weeks but no changes between 8–12 weeks further analyzed for

Enrichr Go Biological Process. Table S13: 240 genes which were

up-regulated between 4–8 weeks but no changes between 8–12

weeks further analyzed for Enrichr KEGG. Table S14: 240 genes

which were up-regulated between 4–8 weeks but no changes

between 8–12 weeks further analyzed by GO Biological Process.

Table S15: 66 genes which were up-regulated between 4–8 weeks

and between 8–12 weeks further analyzed for Enrichr KEGG.

Table S16: 66 genes which were up-regulated between 4–8 weeks

and between 8–12 weeks further analyzed by GO Biological

Process. Table S17: 63 genes which were no changes between 4–

8 weeks but up-regulated between 8–12 weeks further analyzed for

Enrichr KEGG. Table S18: 63 genes which were no changes

between 4–8 weeks but up-regulated between 8–12 weeks further

analyzed for Enrichr GO Biological Process.

(PPTX)

File S2 Lists of genes differentially regulated between
different time points (dynamic changes). Table S1: Genes

down-regulated from 4 to 8 weeks but no changes from 8 weeks to

12 weeks. Table S2: Genes up-regulated from 4 to 8 weeks but no

changes from 8 weeks to 12 weeks. Table S3: Genes up-regulated

from 4 to 8 weeks and from 8 weeks to 12 weeks. Table S4: Genes

up-regulated from 4 to 8 weeks but down-regulated from 8 weeks

to 12 weeks. Table S5: Genes down-regulated from 4 to 8 weeks

but up-regulated from 8 weeks to 12 weeks. Table S6: Genes no

changes from 4 to 8 weeks but down-regulated from 8 weeks to 12

weeks. Table S7: Genes no changes from 4 to 8 weeks but up-

regulated from 8 weeks to 12 weeks.

(DOCX)
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